Linkage disequilibrium (LD) is the central concept of genetic association studies. Although LD has been shown not to be uniformly distributed across the genome, limited information is available about the characteristics of LD within candidate genes at large. We screened coding and regulatory regions of 50 candidate genes for cardiovascular diseases and identified 228 polymorphisms. The overall sequence diversity was 3.81 ± 0.31 × 10 -4 . Intragenic LD was generally very strong, with 40% of the 464 pairs of polymorphisms exhibiting a complete LD. However, if we consider D′ = 0.7 as an arbitrary limit for useful LD in association studies, 26% of the pairs fell below this threshold, half of which being in negative LD, a situation where LD is even more difficult to detect. Non-synonymous coding polymorphisms, which are more likely to have a functional role, were more represented among low-frequency alleles and were more often in complete negative LD with other polymorphisms. This implies that in many situations the power to detect the effect of a non-synonymous polymorphism by measuring a nearby marker might be low. Although intragenic LD was partly a function of physical distance, gene-specific patterns of LD were observed, making it difficult to provide general guidelines for selecting the most useful polymorphisms in association studies. For all these reasons, association studies should concentrate on the overall sequence variation of functionally important regions of candidate genes and not only on a few polymorphisms. The variability of important intergenic regions identified by different approaches including comparative genomics will also have to be assessed.
INTRODUCTION
Recently, a considerable interest has been raised in the evaluation of sequence diversity and linkage disequilibrium (LD) across the human genome. This interest is justified by the prospect that new high-throughput technology like DNA chips will make it possible to perform whole-genome association studies using dense maps of single nucleotide polymorphisms (SNPs) to identify common disease genes.
The ability to detect association between marker alleles and disease critically depends on the extent of LD between diseasecausing alleles and surrounding marker alleles. Studies concentrating on the whole genome or on extended regions surrounding genes of interest have consistently showed that LD was not uniformly distributed across the genome but rather clustered in specific genomic regions (1) (2) (3) (4) (5) (6) . Despite the strong relationship existing at the genome scale between the amount of LD and physical distance, LD is not a strict monotonic function of distance and physically close markers are not necessarily in strong LD with one another (3, 4, 7, 8) . Very little is known about factors that govern the distribution of LD in the genome. Chromosome region-specific effects appear more important than population-specific effects in influencing the extent of LD (5) . Actually, differences in LD levels between populations of recent common ancestry proved to be modest, even when comparing isolated and mixed populations (4, 5, (7) (8) (9) . Only in small subisolates such as the village of Gavoi in Sardinia (5) or the Saami population in Finland (10) has LD been found stronger than in neighboring populations. On the other hand, LD can substantially differ among populations originating from different continents (9, 11, 12) .
The great heterogeneity of spatial distribution of LD across the genome is a crucial aspect for genome-wide association studies. Indeed, the success of such an approach is highly dependent of the density of SNP maps, which itself should vary according to the regions of the genome. For example, LD has been reported to be stronger in GC-poor sequences due to a lower recombination frequency in these regions (13) . Whereas the Human Genome Project initially envisaged a map *To whom correspondence should be addressed. (14) , other suggestions based on simulations or extrapolations from empirical data varied from 30 000 to 500 000 SNPs or even more (15) (16) (17) . As part of the International SNP Map Working Group, a high-density SNP map of the human genome consisting of 1.4 million SNPs was recently published (18) . However, most of these SNPs are predicted from sequence data and have not been yet been confirmed by genotyping assays. Moreover, SNPs of the databases represent only a small fraction of all SNPs (19) .
The alternative approach to genome-wide surveys is to focus on polymorphisms located within candidate genes. Even within candidate genes, the extent of LD between putative functional variants and neutral markers is a critical element for the efficiency of the strategy. Although several recent studies have focused on the sequence diversity in candidate genes (20) (21) (22) (23) (24) (25) (26) , limited information is available about the extent of LD within candidate genes at large. Most previous studies on LD focused on a single gene or regions surrounding genes (3, 12, 24, (26) (27) (28) (29) (30) . One study reported data on LD distribution for 114 SNPs from 33 genes, but this work was not based on a systematic molecular screening of genes (9) . A recent survey of the variability of 313 human genes in 82 individuals of different ancestry showed a great variability of LD across genes, leading the authors to conclude that LD should be determined empirically for any specific genomic region (31) .
As part of an ongoing program of exploration of candidate genes for cardiovascular diseases, we screened coding and regulatory regions of 50 human genes. The genes code for growth factors, cytokines, neuromediators, receptors, ligands, and proteins involved in lipid metabolism, vascular and cardiac trophicity, thrombosis and adhesion. The 228 polymorphisms identified by this screening were further genotyped in a population-based sample of 750 European subjects, as part of a larger case-control study on myocardial infarction, the Etude Cas-Témoin sur l'Infarctus du Myocarde (ECTIM) study (32) . The large number of polymorphisms allowed us to analyze thoroughly the factors that influence the gene sequence diversity and the extent of LD in candidate genes. More detailed information about data included in this paper can be found on our Internet site (http://genecanvas.idf.inserm.fr/).
RESULTS

Screening of genes
Our program of detection of polymorphisms initially consisted in comparison of 40 chromosomes of 20 unrelated patients with myocardial infarction selected from the ECTIM study (33) . This sample size, used for the first 38 genes explored, provided an ∼90% power to detect alleles with a frequency >0.05, and a 33% power to detect alleles with a frequency of 0.01. In order to increase the probability of detecting rare variants, the number of screened chromosomes from the ECTIM patients was increased up to 190 for the 12 genes further explored. With this sample size, the power to detect alleles with a frequency of 0.01 increased to 85%. The screening was performed on patients to increase the probability of identifying disease-predisposing variants. However, this approach might have missed some rare protective variants.
Description of genes
Sixteen genes were located on the short arm and 34 on the long arm of chromosomes (Table 1 ). The exact location of genes on chromosomes was obtained from the Ensembl database (http:// www.ensembl.org/). From the length of chromosomes provided in the draft of the human genome sequence (34), the short and long arms of each chromosome were divided into quartiles and three distinct chromosomal regions were defined: telomeric (quartiles proximal to pter and qter), centromeric (quartiles surrounding the centromere) and intermediate (two middle quartiles of each arm). According to this classification, 12 genes were located in centromeric, 26 in intermediate and 12 in telomeric regions ( Table 1) .
The characteristics of the 50 genes were roughly similar to the basic characteristics of human genes provided by the draft genome sequence (34) , except the exon length which was larger in our study since it comprised untranslated exonic sequences ( Table 2 ).
In the set of 50 genes, the total lengths screened were 60.8 kb in 5′ regions, 7.8 kb in 5′-untranslated region (5′-UTR), 67.6 kb in coding sequences, 9.9 kb in 3′ regions, and 23.6 kb in 3′-UTR. The total number of identified polymorphisms was 228 [mean per gene: 4.6 (range 0-24)], or a frequency of one polymorphism per 744 bp. The number of polymorphisms identified in each gene highly correlated with the sequence length screened (Spearman's correlation coefficient: 0.51, P < 10 -3 ). Of the 228 polymorphisms, 143 (63%) were in non-coding regions and 85 (37%) in coding sequences. Among the coding polymorphisms, 54 (64%) led to replacement of an amino acid, a proportion similar to that recently reported in 313 human genes (31) . Among non-synonymous polymorphisms, 33% created a non-conservative amino acid change defined according to the BLOSUM62 substitution matrix (35) . The vast majority of polymorphisms were SNPs (87%), while 7% were insertion/deletion variations and 6% were repeat polymorphisms.
The 228 polymorphisms identified by molecular screening were then genotyped in a sample of 750 European male subjects aged 25-64 years serving as control group in the ECTIM case-control study on myocardial infarction (32) . This sample representative of the general population allowed us to estimate different population genetics parameters, including allele and haplotype frequencies, sequence diversity and LD measures.
Distribution of allele frequency
Among diallelic polymorphisms, the mean frequency ± SD of the minor allele was 0.19 ± 0.16 and the mean heterozygosity was 0.26 ± 0.18. Allele frequency did not significantly differ between gene regions (Fig. 1) . Thirty-nine percent of polymorphisms had a minor allele frequency lower than 0.10. The distribution of low-frequency alleles was not significantly different between coding and regulatory regions (36 versus 44%, P = 0.22), but low-frequency alleles were more represented among non-synonymous than among synonymous coding SNPs (54 versus 26%, P = 0.018), and among nondegenerate than among 2-fold and 4-fold degenerate sites (56, 21 and 31%, respectively, P = 0.033), as also shown in Figure 1 . 
Sequence diversity
The mean sequence diversity π, according to location of genes on chromosomes and gene regions, is shown in Table 3 . The overall π ± SE across the 50 genes was 3.81 ± 0.31 × 10 -4 , which means that two randomly chosen sequences from the population were expected to differ approximately every 2600 bp. Diversity was not significantly different between the first set of genes screened using 40 chromosomes and the second set screened using 190 chromosomes (3.77 ± 0.34 versus 3.96 ± 0.74), even though rare variants are expected to be more represented in the latter set. However, the contribution of rare variants to nucleotide diversity is small because of their low heterozygosity.
There was a great variability of diversity across genes, with five genes being monomorphic [ADRB1, CSF1, ECE, HGF and FGA (in FGA, only the 5′ region was screened)], and at the opposite, two genes having a diversity higher than 12 × 10 -4 [LGALS3 and LPA (in LPA, only the 5′ region was screened)] (Fig. 2 ).
Sequence diversity did not significantly differ between genes located on long arms and short arms of chromosomes, nor did it differ according to location on the chromosome (Table 3) . Sequence diversity was higher in non-coding than in coding regions (4.30 ± 0.44 versus 3.06 ± 0.42 × 10 -4 , P = 0 .04), in synonymous than in non-synonymous sequences (5.63 ± 1.17 versus 2.26 ± 0.42 × 10 -4 , P = 0 .007) and in 4-fold degenerate than in non-degenerate sites (4.72 ± 1.23 versus 2.16 ± 0.43 × 10 -4 , P = 0.05) with intermediate values found in 2-fold generate sites (3.44 ± 1.06). Diversity also tended to be higher among conservative than among non-conservative sites (2.74 ± 0.64 versus 1.28 ± 0.42 × 10 -4 , P = 0.06). All these findings support the notion of higher selection pressure on nucleic acids that may affect protein function.
Pairwise LD patterns
LD could be estimated for 464 pairs of intragenic polymorphisms. LD was quantified using either the Lewontin's standardized coefficient D′ or the correlation coefficient r. D′ has the advantage of being less sensitive to allele frequencies than is r (36), although it is not completely independent of them (37) . By convention, LD is positive when the rare alleles of each polymorphism are preferentially associated and negative when the rare and the frequent alleles are associated (38) . In the following, D′ and r will refer to their absolute values. Both measures vary between 0 (absence of LD) and 1 (complete LD). However, r attains the maximum value of 1 only in case of complete association between the two polymorphisms, i.e. when two of the four haplotypes are missing, whereas D′ =1 indicates a complete LD (one or two haplotypes are missing). The Spearman's correlation coefficient between D′ and r was 0.39 (P < 10 -4 ). The mean D′ ± SD was 0.78 ± 0.31 and the median was 0.95 (range 0-1), whereas the mean r was 0.39 ± 0.34 and the median 0.25 (range 0-1), both measures reflecting a strong non-random association between intragenic polymorphisms. However, the distribution of LD also showed a non-negligible proportion of SNPs to be in weak disequilibrium with each other (Fig. 3) . The proportions of negative and positive LD coefficients were 50/50%. In 61% of pairs, all four pairwise haplotypes were observed. In the 39% remaining pairs, LD was complete, i.e. one haplotype (25% of pairs) or two haplotypes (14% of pairs) were missing. Two different mechanisms can generate a complete LD: either a recent mutation arising on an existing allele and generating a new rare haplotype, or the loss of existing haplotype(s) by selection or random drift. The first mechanism is expected in most cases to generate a negative LD since new mutations have a higher probability of arising on frequent alleles. This was actually observed since 79% of pairs with one missing haplotype exhibited a negative LD. Moreover, pairs with one missing haplotype more often involved a rare allele than other pairs of polymorphisms (0.07 versus 0.19 for the frequency of the less frequent allele of the pair, P < 10 -4 ). The situation where two haplotypes were missing reflected a complete concordance between alleles of the pair. This complete association between polymorphisms could extend over more than two polymorphisms. For example, in the AGTR1 and the PDGFRA genes, the complete association involved six polymorphisms.
Factors influencing the magnitude of LD
LD did not significantly differ between p and q arms of chromosomes (median D′: 0.91 versus 0.96, P = 0.55; median r: 0.32 versus 0.23, P = 0.22) but positively correlated to the length of chromosome arm (Spearman's correlation coefficient with D′: 0.13, P = 0.004; with r: 0.19, P < 10 -4 ). The proportion of complete LD was lower in telomeric regions than in intermediate and centromeric regions (16, 50 and 47%, respectively; P < 10 -4 ), and accordingly D′ was lower in telomeric regions (median: 0.85, 0.99 and 0.96, respectively; P < 10 -4 ).
The magnitude of LD was stronger between adjacent than between non-adjacent polymorphisms (median D′: 0.98 versus 0.91, P < 10 -3 ; median r: 0.30 versus 0.24, P = 0.05). Accordingly, Table 3 . Nucleotide diversity in 50 candidate genes for cardiovascular diseases a Region defined using quartiles (see text). b The number of synonymous sites was calculated as the sum of 4-fold degenerate sites and one-third of 2-fold degenerate sites, and the number of non-synonymous sites as the sum of non-degenerate sites and two-thirds of 2-fold degenerate sites (46) . The proportions of conservative and non-conservative sites were taken from Cargill et al. (20) .
Region
Length LD was stronger within regions than between regions of genes ( Fig. 4A ). For example, the median D′ was 1 in pairs in which both polymorphisms were located in the 5′ region (n = 135) and dropped to 0.5 in pairs involving one polymorphism at the 5′ end of the gene and the other one at the 3′ end (n = 36). A similar decrease was observed with r ( Fig. 4A ). This result indicates that even at the gene scale, LD is partly a function of physical distance. The 5′ sequences were characterized by a higher proportion of pairs in complete LD or complete association (Fig. 3B) . A likely explanation for this observation is that polymorphisms in the 5′ regions were generally physically closer than polymorphisms in coding sequences which might be separated by large introns. Pairs of polymorphisms were classified into three groups on the basis of allele frequencies: rare (at least one of the two polymorphisms with minor allele frequency <0.10, n = 169); common (both polymorphisms with minor allele frequency ≥0.20, n = 150); intermediate (all others, n = 142). There was a higher proportion of complete LD in the 'rare' group (57, 35 and 24%, respectively; P < 10 -4 ) and accordingly, D′ was higher in this group (median: 1, 0.91 and 0.91 in 'rare', 'intermediate' and 'common' groups, respectively; P < 10 -4 ). An inverse relationship was observed with r (median: 0.11, 0.28 and 0.56; P < 10 -4 ), but this was only the reflection of the strong dependency between r and allele frequencies. Since the age of a mutation is proportional to its frequency, rare mutations on average have a more recent origin than common polymorphisms, which explains why LD is more extensive around them because there has been less time for recombination to break down LD. The 'rare' group was also characterized by a higher proportion of negative LD (69, 44 and 35%, respectively; P < 10 -4 ), since new mutations have a higher probability of arising on frequent alleles.
Pairs of coding polymorphisms were classified into two groups according to whether both polymorphisms were silent changes (n = 14), or at least one polymorphism of the pair was non-synonymous (n = 78). In pairs involving non-synonymous substitutions, LD tended to be higher (median D′: 0.93 versus 0.81, P = 0.06; median r: 0.32 versus 0.25, P = 0.05) but was more often of negative sign (59 versus 21%, P = 0.01) than in pairs composed of two silent substitutions. This was likely to be explained by the fact that non-synonymous polymorphisms more often belonged to the 'rare' group. No significant difference was observed when pairs of non-synonymous polymorphisms were classified according to whether or not they involved a non-conservative substitution (data not shown).
Gene-average LD
The gene-average LD, defined as the mean of all the pairwise LD coefficients within the gene, could be estimated in 35 of the 50 genes. Among the 15 remaining genes, five were not polymorphic and six had only one polymorphism, and in the remaining four genes, the polymorphisms involved were too rare or multiallelic. In the 35 genes, the mean gene-average LD measured by D′ was 0.88 ± 0.14, with a median of 0.93 (range: 0.44-1.00) (the maximum was reached in nine genes). The mean gene-average LD measured by r was 0.43 ± 0.28, with a median of 0.37 (range: 0.05-1.00) (maximum reached in two genes). The two gene-average LD measures weakly correlated, due to a large number of genes having a high gene-average D′ and a low gene-average r (Fig. 5) . Again, this reflects the greater dependency of r to allele frequencies. As expected from the relationship between LD extent and physical distance, we observed an inverse association between the gene-average LD quantified by D′ and the gene length explored (Spearman's correlation coefficient: -0.51, P = 0.002). The correlation was lower when LD was quantified by r (Spearman's correlation coefficient: -0.17, P = 0.32).
Extended haplotypes
Because of the strong intragenic LD, each gene exhibited a limited number of extended haplotypes (i.e. haplotypes combining all polymorphisms), as already reported for a few genes (19) . For example, in genes having four or more common SNPs, the number of main haplotypes observed (i.e. accounting for >80% of all observed chromosomes) represented in any gene less than 20% of all possible haplotypes that would exist in the absence of LD (Table 4 ). The largest number of haplotypes was observed in the ITGB2 gene in which eight common SNPs generated 18 main haplotypes. In contrast, in the APOB gene, the 19 common SNPs generated only 11 main haplotypes. In 13 out of the 21 genes shown in Table 4 , no single haplotype had a frequency ≥50%, supporting the notion that, most often, there is no predominant form of a gene, as recently reported in a study of 313 human genes (31) .
DISCUSSION
Recent systematic surveys of the sequence variation of human genes have provided a wealth of information on the natural variability of genes within and between populations. Human gene diversity has been shown to be greater in African populations than in European populations (20, 21, 31) and lower in Asian populations (25) . Our data indicate that in European populations, two copies of an average gene chosen at random are expected to differ approximately every 2600 bp. Because rare variants were underdetected by the screening method of the first 38 genes, the figures reported here represent a lower bound of the actual DNA sequence diversity in the explored genes, although rare variants weakly contribute to the extent of diversity. Gene diversity was also probably underestimated by the fact that we screened only coding and regulatory regions of genes. Indeed, a higher diversity has been reported in introns than in coding regions (21, 31) . However, we do not know how intronic polymorphisms might affect the extent of LD within candidate genes.
Two recent systematic surveys of sequence variations in a large number of genes have reported slightly higher values of nucleotide diversity in American individuals of European descent than in our study (20, 21) . Several reasons might explain theses differences. The screening methods used [PCR/single strand conformation polymorphism (SSCP) in our study, high-density variants detection arrays and denaturing HPLC in the two other studies] may have different rates of false positives and false negatives for SNP discovery. Since all SNPs identified in our study were further genotyped in 750 subjects, we could exclude any false positive unlike the two other reports. On the other hand, the SSCP method has a sensitivity ∼90% and it is likely that we missed some variants. Another reason might be that the European population considered in our study had a greater genetic homogeneity than the American population of European descent, which is more admixed. Finally, as shown by the three referenced studies and by others (23) (24) (25) (26) 39) , there is a substantial variability in the sequence diversity among genes.
In accordance with previous reports (20, 21) , we found a lower diversity in non-synonymous than in synonymous sequences and among non-conservative than among conservative sites; two observations which are consistent with the operation of natural selection. Moreover, nucleotide diversity in noncoding sequences (mostly 5′-and 3′-UTR) was lower than in synonymous sequences. This finding is compatible with a greater selection pressure operating on 5′-and 3′-UTR regions because they contain sequences that are important for regulating gene expression and splicing. Actually, the rate of neutral substitution within genes can be the best approximated by the rate of substitution at 4-fold degenerate sites (40) . From our data, we could estimate the sequence diversity produced by neutral evolution in coding sequences to be around 4.7 × 10 -4 , which means one difference per 2100 bp. The International SNP Map Working Group recently reported a nucleotide diversity for the whole human genome of 7.5 × 10 -4 (18) . Although this may be an over-estimation of the true diversity because all SNPs were not confirmed, it nevertheless suggests that diversity is much higher in intergenic than in intragenic regions of the genome.
The results of our study provide information on LD which should be useful for the design of association studies. In particular, they suggest that all polymorphisms in coding and regulatory sequences within a gene should be investigated, and not only a few markers selected a priori. Indeed, even at the gene scale, LD was not uniformly distributed, as already reported (31), and a significant proportion of intra-gene polymorphisms were found to be in weak LD with each other. This was especially true when polymorphisms were located in distant regions of the gene, indicating that, even at the gene scale, LD is partly a function of physical distance. However, because each gene, and even each sub-region of genes, has its own history and its own pattern of LD (12, 31) , it is nearly impossible to predict the extent of association between polymorphisms from their physical location and to determine which polymorphisms will be the most useful in association studies. For example, in the β fibrinogen (FGB) gene, polymorphisms in nearly complete association were observed at both ends of the gene while intermediate polymorphisms were in weaker disequilibium (41) . In that case, all the polymorphisms in complete association would provide the same information, but it would not be possible to predict which one is the most likely to be functional. An opposite example is that of the angiotensin II type 1 receptor (AGTR1) gene, in which all polymorphisms of the promoter were in strong association with each other but were not in LD with polymorphisms of the coding region because of the presence of a large intron (33) . In that case, the effect of potential functional variants of the coding region would not be detected if only polymorphisms of the promoter were typed.
If we consider D′= 0.7 as an arbitrary limit for useful LD in association studies unless achieving prohibitive sample sizes (Fig. 6) , ∼26% of the pairs would fall below this threshold. The minimal value of useful LD would be even higher in the presence of negative LD since in that case the power to detect LD is generally much lower (38) . Besides the magnitude of LD, an element critical for the power of association tests is the closeness between the frequencies of disease-causing alleles and marker alleles (42, 43) . These problems are illustrated in Figure 6 showing the increase of sample size in case of discordance between maker and disease alleles, and in the presence of negative LD compared to positive LD. In our sample, only 22% of pairs of polymorphisms had a rvalue ≥0.7, reflecting both a high amount of LD and a closeness of allele frequencies.
We found that non-synonymous polymorphisms were more represented among low-frequency SNPs and were most often in negative LD with other markers. Figure 6 suggests that in many situations the power to detect the effect of a non-synonymous polymorphism by measuring a nearby marker might be low, even at the gene scale. The difficulty might be even greater when using SNPs from the public databases since they are biased towards high-frequency alleles (44) and in many cases there might be a great discordance between putatively functional variants and markers. For all these reasons, we believe not only that the gene-focused approach should be preferred to a genome-wide approach, but also that it should concentrate on the overall sequence variation of candidate genes and not only on a few polymorphisms, as also advocated by others (19, 31) . Another reason for favoring exhaustive gene-focused studies is the potential co-existence of several functional variants within the same gene, as shown now in several genes. Studying a single or few polymorphisms might obscure a complex genotype-phenotype relationship which might be revealed only by extended haplotype analysis.
We found that the extent of LD was lower in telomeric regions than in centromeric regions of chromosomes, a finding which is in agreement with the results of a recent publication examining the genome-wide distribution of LD (6) . This finding is likely to be explained by the higher recombination rates in telomeric regions (34) . However, caution is needed in the interpretation of our results, since the number of genes in the telomeric and centromeric regions was small and we cannot rule out gene-specific effects. Similarly, the higher recombination rates reported on shorter chromosome arms (34) probably explain the positive correlation that we observed between the extent of LD and the length of chromosome arms. One limitation of our study is that it was restricted to European individuals. Indeed, genetic diversity and LD extent have been shown to differ between populations of different origin such as African, European or Asian populations. From a perspective of population genetics, studying contrasted populations is certainly an advantage. Also, populations with greater genetic diversity like Africans may be more informative for fine-scale mapping of functional polymorphisms (45) . However, if the purpose is to provide some guidelines useful for the design of association studies in a given population, information drawn from that population should be preferable, since a large number of rare polymorphisms are expected to be private to single populations (31) .
Large research programs are currently under way in private and academic laboratories to identify all common forms of human genes. The whole-genome approach, requiring highthroughput technologies, will undoubtedly allow the identification of new genetic determinants of common traits. However, it will also undoubtedly miss a number of important genes. This is why this approach may fit, at least for some time, the objectives of private companies, while academic laboratories should probably concentrate on more exhaustive approaches.
With respect to the gene-focused approach, several important issues still deserve consideration. Should the exploration of genes be extended to all intronic polymorphisms, as suggested by some authors (24, 30) , which would mean multiplication of the number of polymorphisms by at least 10? How to deal with all the information generated by such extensive explorations? Which regions outside genes should be explored? The variability of important intergenic regions identified by different approaches including comparative genomics will also have to be assessed in the future.
MATERIALS AND METHODS
The ECTIM population-based samples
The ECTIM study (32) is a case-control study of myocardial infarction conducted in Northern Ireland (Belfast) and France (Lille, Strasbourg and Toulouse). Patients with myocardial infarction were selected from the WHO MONICA (monitoring in cardiovascular disease) registers of each region. In each region, a control group composed of men aged 25-64 years was randomly sampled from the population covered by the register. Subjects were of European origin and informed consent was obtained from all participants. All populationrelated statistics given in the present paper were estimated in the 750 population-based control subjects.
Screening of the genes and genotyping of polymorphisms
Genomic DNA was prepared from white blood cells by phenol extraction. For the first 38 genes, detection of polymorphisms was performed by comparing 40 chromosomes of 20 unrelated patients drawn from the ECTIM study. The number of chromosomes was increased up to 190 for the 12 following genes. The method of detection of polymorphisms was PCR/SSCP, followed by direct sequencing of fragments presenting a Figure 6 . Sample size required in a case-control association study to detect the effect of a susceptibility gene with a power of 0.8 and a significance level of 10 -3 . The sample size is the number of subjects in each group, assuming an equal number of cases and controls. A multiplicative model is assumed, with a genotype relative risk (GRR) associated with the high-risk allele of 2 [see (50) for the definition of GRR]. The frequency of the functional variant in controls is p and that of the marker is m. Different models were considered according to the LD between the two polymorphisms [(A) D′ = ±1; (B) D′ = ±0.7; (C) D′ = ±0.5) and the difference between allele frequencies (p = m or m-p = 0.2). different SSCP pattern of migration, as described previously (22) . Polymorphisms identified were then genotyped in the 750 control subjects by allele-specific oligonucleotides. All information needed for genotyping polymorphisms can be obtained at our Internet site (http://genecanvas.idf.inserm.fr/). The gene abbreviations used in this paper are taken from the OMIM database (http://www.ncbi.nlm.nih.gov/Omim).
Classification of polymorphisms
The protein sequence of each gene was obtained from the Network Protein Sequence @nalysis database (http://pbil.ibcp.fr/). The number of non-degenerate, 2-fold and 4-fold degenerate sites was calculated from the protein sequence. The number of synonymous sites was calculated as the sum of 4-fold degenerate sites and one-third of 2-fold degenerate sites, and the number of non-synonymous sites was the sum of non-degenerate sites and two-thirds of 2-fold degenerate sites (46) . Conservative and non-conservative amino acid substitutions were defined according to the BLOSUM62 substitution matrix (35) . For calculating the number of conservative and non-conservative sites, we applied the same proportions as those estimated in the study of 106 human genes by Cargill et al. (20) .
Statistical analysis
Since, for the vast majority of polymorphisms, allele frequencies and pairwise LD coefficients did not statistically differ between Northern Ireland and France, subjects from the two populations were pooled for analysis. Allele frequencies were estimated by gene counting. The nucleotide diversity (π), defined as the expected number of differences, per nucleotide site, between a random pair of chromosomes, was calculated as the mean nucleotide heterozygosity averaged across all nucleotide sites, including monomorphic sites. The standard error was calculated as described in Nei (46) . Comparison of diversity between gene regions was performed by t-test.
Pairwise LD was estimated by log-linear model analysis (47) . LD was quantified using either the Lewontin 
